Spatio-temporal variability of crop growth descriptors is of prime importance for crop risk assessment and yield gap analysis. The incorporation of three bands (viz., B5, B6, B7) in 'red-edge' position (i.e., 705 nm, 740 nm, 783nm) in Sentinel-2 with 10-20 m spatial resolution images with five days revisit period have unfolded opportunity for meticulous crop monitoring. In the present study, the potential of Sentinel-2 have been appraised for monitoring phenological stages of potato over Bardhaman district in the state of West Bengal, India. Due to the competency of Vegetation indices (VI) to evaluate the status of crop growth; we have used the Normalized Difference Vegetation Index (NDVI), the Green Normalized Difference Vegetation Index (GNDVI), and the Normalized Difference Index45 (NDI45) for crop monitoring. Time series analysis of the VIs exhibited increasing trend as the crop started approaching maturity and attained a maximum value during the tuber development stage and started decreasing as the crop advances to senescence. Inter-field variability of VIs highlighted the need of crop monitoring at high spatial resolution. Among the three vegetation indices, the GNDVI (r=0.636), NDVI (r=0.620) had the highest correlation with biomass and Plant Area Index (PAI), respectively. NDI45 had comparatively a lower correlation (r= 0.572 and 0.585 for PAI and biomass, respectively) with both parameters as compared to other two indices. It is interesting to note that the use of Sentinel-2 Green band (B3) instead of the Red band (B4) in GNDVI resulted in 2.5% increase of correlation with biomass. However, the improvement in correlations between NDI45 with crop biophysical parameters is not apparent in this particular study with the inclusion of the Vegetation Red Edge band (B5) in VI. Nevertheless, the strong correlation of VIs with biomass and PAI asserted proficiency of Sentinel-2 for crop monitoring and potential for crop biophysical parameter retrieval with optimum accuracy.
INTRODUCTION
Agriculture plays a crucial role in Indian socio-economy. Thus it is essential to monitor utilization of agricultural resources and crop growth spatially. Spatial variability in the 15 agroclimatic zones of India is quite apparent which experience different weather, soil conditions, water quality, availability of farm inputs (Venkateswarlu et al., 1996) . In addition, due to small land holding per capita, high spatio-temporal variability exists in cropping pattern in India (Hazra, 2001; Manjunatha et al., 2013) . Hence, it it utmost important to monitor crop persistently in a fine spatio-temporal scale to prevent crop loss due to disease, water stress and natural disaster. Subsequently, an unambiguous crop monitoring is important in the context of policy making towards assurance of food security.
Remote sensing has the potential to provide accurate crop condition information across larger spatial extent. Furthermore, Eath Observation (EO) data has proven the ability to deliver crop growth condition information in a timely manner within a crop season (Hansen and Loveland, 2012; Atzberger, 2013) . Furthermore, according to the framework of the Group on Earth Obser- * Corresponding author: Parmita Ghosh vations Global Agricultural Monitoring (GEOGLAM) Initiative and the Committee on Earth Observation Satellites (CEOS), a high temporal resolution data would be required in order to monitor critical growth stages of crop reasonably (Whitcraft et al., 2015) . In this context, recently launched Sentinel-2 constellation with twin satellite (S-2A/B) in June 2015 and March 2017, respectively has provided unprecedent opportunities for agricultural monitoring (Defourny et al., 2018) .
Sentinel-2 enables multiple operational reflectance measurements with a short revisit period (5 days) desired for vegetation monitoring. The combinations of several bands provide opportunities for improved characterization of crop traits (Frampton et al., 2013; Defourny et al., 2018) . Especially, three spectral bands (705 nm, 740 nm, 783 nm) in 'Red-Edge' region have been incorporated for precise monitoring of vegetation condition. High spatial resolution (10m and 20m resolution products) of Sentinel-2 make it a viable option for monitoring small agricultural fields.
In optical remote sensing of vegetation, vegetation indices are often used as descriptors of crop health status. These indices provide an insight of crop dynamics over the period of time (Baret and Guyot, 1991; Haboudane et al., 2002; Ceccato et al., 2002) . These indices were derived on the basis of spectral signature of The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLII-5, 2018 ISPRS TC V Mid-term Symposium "Geospatial Technology -Pixel to People", 20-23 November 2018, Dehradun, India vegetation, because spectral signature act as a proxy of leaf pigments and structure. The very first index Simple Ratio (SR) was derived by Jordan (1969) as a ratio of reflectance at Near infra-red (NIR) band to red band for leaf area index (LAI) measurement. The index was developed with a logic that since absorption is high in red band as compare to NIR band. Thus presence of more leaf will result in higher SR.
The most popular index Normalized Difference Vegetation Index (NDVI) introduced by Rouse et al. (1974) , was a modified version of SR which was designed for above ground biomass. In NDVI formula, ratio of difference between radiance at Red band and NIR band to sum of radiance between the same was considered to make the index more generalized. This index was considered to abolish the effect of atmospheric attenuation and seasonal sun angle variations. Gitelson et al. (1996) had proposed Green Normalized Difference Vegetation Index (GNDVI) based on their finding that the Green band (520nm − 630nm) is sensitive to the whole range of leaf chlorophyll concentration (0.3-45 µgcm −2 ); whereas Red band is not sensitive to 3-5 µgcm −2 chlorophyll concentration. It was reported that Red band is not sensitive for yellow green to green leaves. In the same experiment, it was reported that chlorophyll concentration had higher correlation with inverse of the reflectance in the Green band as compared to Red band. It was proclaimed that the sensitivity of GNDVI is five times higher for stressed and senescent condition of vegetation as compared to NDVI.
Introduction of measurement bands in red-edge position in Sentinel-2 has motivated to find out optimum normalized vegetation index which would be robust for Leaf Area Index (LAI) and chlorophyll estimation. With a pre-launch experiment, Delegido et al. (2011) proposed a new optimum index as Normalized Difference Index 45 (NDI45). The experiment was conducted with ∼300 data of seven crop types with LAI value ranges in between 0−7 and reported an improved correlation (r = 0.908) of NDI45 with LAI. Thus, it provides an opportunity to get a better accuracy in LAI estimation with NDI45 derived from Sentinel 2 images as compared to NDVI. However, a competence of these vegetation indices derived from Sentinel-2 need to be investigated for monitoring crop growth within a crop season. In this present research, an comparative analysis of NDVI, GNDVI and NDI45 are assessed in a temporal as well as spatial scale for Sentinel-2 data acquired over agricultural area.
MATERIALS AND METHODS

Study Area
The test site is located in the Damodar River Basin of East Barddhaman district in the state of West Bengal, India, centred on the Barddhaman town (23 • 18 39.43"N and 88
• 11 04.58"E) as shown in Figure 1 . This area has a gentle slope and covers mostly new alluvium soil zone. The test site covers an area of 30 × 30km 2 and is characterized by a predominantly agricultural area. Rice is the major crop, which is grown in two distinct seasons, monsoon (June-October) and summer (FebruaryMay) (Mandal et al., 2018) . Beside the rice other major crops includes potato (early winter), mustard, sesame, and jute.
The present research addresses analysis with the winter season (December-March) crop Potato (Solanum tuberosum), which is having a wide plantation calendar extending from November to December. Due to this plantation period variability and adaptation of several potato plant varieties, a spatial as well as temporal variability in crop growth is likely in this plain. Figure 1 . Location of sampling fields in study area.
Sampling Strategy
In-situ measurements were collected intensively between the period of of December 2017 to March 2018. During the campaign, ∼68 fields were selected for sampling. The nominal size of each field was ∼60 m×60 m. During these campaigns, in-situ measurements of crop biophysical parameters viz. biomass, Plant Area Index(PAI), plant height and soil moisture were collected at different phenological stages of potato. Above ground biomass was collected by destructive sampling. At each sample location, 10 plants(5 plants/row) were harvested from two consecutive rows. Plant area index (PAI) was measured by processing digital hemispherical photographs in CANEYE software (INRA, 2017) . Soil moisture was measured in two locations within a field using Theta Probe. The detailed description of soil and vegetation sampling can be found in the campaign experimental plan (Mandal et al., 2017) .
Sentinel-2 Data and Image Processing
Eight Sentinel-2 time series (December,2017 -March,2018 images(Level 1C) were acquired over this study area. ESA Sentinel Application Platform (SNAP) toolbox was used for image processing. Atmospheric correction was done in Sen2Core. Spectral bands of Sentinel-2 have three different spatial resolutions(10m, 20m,30m), so all the images were resampled at 20m spatial resolution. Subsequently, images were Subset according to the boundary of study area. Three vegetation indices viz. NDVI, GNDVI, NDI45 were generated for tracking crop health condition in all the growth stages. Formulation of these VIs are shown in Table 1 . Finally, the VIs for each sampling locations were calculated as the average of a 3 window centred on each location from the VI images for individual dates.
RESULTS AND DISCUSSION
This section includes the time series analysis of VIs and explained with different phenological stages of potato for several fields. Subsequently, the spatio-temporal images of VIs are analyzed. Finally, the correlation between Vis with PAI and biomass are assessed.
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Time Series Analysis of Vegetation Indices
Time series trend of all three VIs derived from Sentinel-2 are given in Figure 2 , 3, 4 for the period December, 2017-March, 2018. The time series plots were generated for several sampling locations. It is evident from in-situ measurements that majority of the potato fields were planted during the end of the second week of December, 2017. Then it advanced from sprouting to leaf development during the first week of January, 2018 and main stem elongation started. Potato plants started developing tuber over the last week of January, 2018. Potatoes were fully developed and harvested during end of the February, 2018. 2018 VIs were very low because potato fields were harvested or harvesting operation was going on in several fields. NDVI for all the fields followed similar pattern except field no. P03, P11 and P12. VIs at field P03, P11 and P12 attained its maximum value earlier then rest nine fields because of the early planting of potato. Conversely, saturation of VIs for these fields started during 15 Januray, 2018. The separation of VI values in early and late planted potato fields are apparent in GNDVI and NDI45 as observed in Figure 3 and 4. Inter field variability in VIs is also apparent which might be due to the variation in soil nutrients and moisture across the fields.
Crop Monitoring in Spatio-Temporal Scale
Spatio-temporal changes in crop dynamics were captured in vegetation indices maps. These maps are very useful analyzing spatial variability in crop growth with phenological developments. The standard false colour composite (FCC) of time-series Sentinel-2 images of the study area captures these variability well as observed in Figure 5 . ,2018 (in upper left) . However, the present study is only concentrated on potato. Dynamics of potato plants are in complete agreement with the time series trend of VIs. Dynamics of VIs with change in phenological stages of potato is apparent. Due to the competency of VIs for crop health monitoring, we analyzed the spatio-temporal changes of NDVI, GNDVI, and NDI45 for monitoring potato crop. Spatial extent of VIs were expanding with advancement of time. This pattern is likely due to increase in PAI and biomass as the plants were growing. Homogeneous pattern in spatial distribution of VIs indicated the homogeneity in plant health. It is evident from these maps that VIs can serves an a good proxy for tracking health condition of vegetation.
Statistical Analysis of Vegetation Indices with Plant Biophysical Parameters
The correlation analysis of PAI and biomass of potato was performed to assess the capability of VIs for crop biophysical parameter retrieval as shown in Figure 9 , 10, and 11. All VIs were positively correlated with both the biophysical parameters and had good correlation (Table 2 ). Among these VIs, GNDVI had highest correlation with biomass. Correlation coefficient of GNDVI for biomass was 2.5% higher as compare to that of NDVI. The higher correlation was the effect of replacing Green band with Red band in GNDVI formula because reflectance of Green band is caused by leaf structure. However, there was no improvement of correlation coefficient for NDVI45 over NDVI. Use of Red-Edge band instead of Near Infrared band did not yield into improvement in correlation for both the biophysical parameters. The correlation did not improved because red-edge bands are ideal for quantification of chlorophyll in plant but in this study we had consider the physical characteristic of plant not the biochemical aspect. NDVI had highest correlation with PAI.
CONCLUSION
In this study, a spatio-temporal analysis of vegetation indices derived from Sentinel-2 is performed for potato crop. The results of
The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLII-5, 2018 ISPRS TC V Mid-term Symposium "Geospatial Technology -Pixel to People", 20-23 November 2018, Dehradun, India time series analysis and correlation between biophysical parameters suggest that VIs can be aptly used for crop growth monitoring. Inter-field variation of VIs highlighted that crop monitoring in high spatio-temporal scale is required for generating real time warning and advisory to mitigate crop damage. It can help farmers in precisely locating the problem area in their field and run necessary field operation to mitigate loss in crop yield. Strong correlation of VIs with crop biophysical parameters assured that these indices can be used for tracking crop traits.
